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HIGHLIGHTS 


•  The  addition  of  VC  and  FEC  as  electrolyte  additives  enhanced  electrochemical  properties  of  TiSnSb  electrode. 

•  The  SEI  layer  formed  on  TiSnSb  electrode  partially  dissolved  upon  cycling. 

•  The  formation  of  a  thinner  and  more  conductive  SEI  layer  using  electrolyte  additives  is  confirmed. 

•  The  composition  of  the  SEI  layer  is  modified  by  the  chosen  electrolyte  additives. 
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X-ray  photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy  (SEM),  and  electrochemical 
impedance  spectroscopy  (EIS)  have  been  performed  to  study  the  formation  of  surface  film  on  TiSnSb,  a 
promising  conversion  anode  material  for  lithium  ion  battery.  TiSnSb  electrodes  were  cycled  using  a 
standard  EC/PC/3DMC  (1  M  LiPFe)  electrolyte  containing  vinylene  carbonate  (VC)  as  a  primary  filming 
agent.  Fluoroethylene  carbonate  (FEC)  was  added  as  an  additional  additive  intended  to  improve  the 
stability  of  the  surface  film  and,  hence,  the  cyclability  of  the  electrode.  Surface  analysis  was  performed  by 
a  combined  XPS  core  peaks  and  quantification  data  analysis  to  establish  the  main  components  of  the 
solid  electrolyte  interphase  film  (SEI)  were  identified.  The  key  observation  is  that  the  thickness  and 
the  chemical  nature  of  the  SEI  layer  is  strongly  related  to  the  nature  of  the  electrolyte  additives.  From  XPS 
and  EIS  results,  the  role  of  FEC  as  an  effective  SEI  improver  in  alkylcarbonate  based  electrolyte  has 
been  enlighten. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  Li-ion  batteries  have  been  widely  used  for  various 
portable  applications  due  to  their  high  energy  densities  1].  As  the 
conventional  graphite  electrode  is  limited  by  its  theoretical  ca¬ 
pacity  of  372  mAh  g_1  [2],  further  improvement  in  term  of  capacity 
will  require  new  materials.  One  of  the  possible  ways  for  that  is  to 
focus  on  Sb  [3-7]  and  Sn-based  [8-11  conversion  materials  which 
exhibit  high  storage  capacities.  The  conversion  equation  involved  is 
given  in  Eq.  (1),  where  M  designs  Sn  or  Sb: 

M  +  xLi+  +  xe~  <->  LixM  (1) 
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For  instance,  the  Li  rich  Li22Sn5  phase  is  able  to  theoretically 
accommodate  22Li  for  5Sn  which  leads  to  a  theoretical  capacity  of 
994  mAh  g-1.  In  the  case  of  Sb,  LisSb  gives  a  theoretical  capacity 
of  660  mAh  g'1  [12].  However,  conversion  materials  suffer  from 
drastic  volume  change  during  lithium  insertion/extraction.  As  an 
example,  the  lattice  of  the  tin  antimony  alloy  (SnSb)  expands  to 
137%  when  it  accommodates  6.5  lithium.  This  volume  change 
causes  high  mechanical  strains  which  results  in  the  loss  of  me¬ 
chanical  properties  and  finally  to  fast  capacity  fading.  This  phe¬ 
nomenon  has  to  be  overcome  prior  to  the  commercialization  of 
batteries  using  Sb-  and  Sn-based  materials  as  anodes.  With  the  aim 
to  get  around  this  obstacle  many  efforts  have  been  done  to  mini¬ 
mize  the  size  of  active  particles  but  this  not  effectively  improve  the 
cyclability  of  Sn-based  materials  due  to  the  fact  that  nano-particles 
tend  to  aggregate  and  form  inactive  dense  blocks  after  several  cy¬ 
cles  13].  Another  way  to  improve  the  cyclability  of  the  SnSb  alloy  is 
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Ewe  M  Ewe  (V) 

Fig.  1.  Cyclic  voltammograms  of  TiSnSb  electrode  at  0.025  mV  s_1  between  0.02  and  2.0  V,  a)  without  FEC,  b)  with  FEC. 


to  introduce  transition  metal  such  as  titanium  in  order  to  create  a 
buffering  matrix  [14].  In  fact,  the  use  of  intermetallic  or  composite 
active/inactive  materials  instead  of  a  pure  metal  seems  to  be  an 
effective  way  to  control  the  volume  changes  [15  .  During  discharge, 
Ti  remains  electrochemically  inactive  when  Sn  or  Sb  reacts  with  Li, 
in  which  way  the  buffering  effect  helps  to  increase  the  mechanical 
resistance  to  the  volume  expansion,  and  to  retain  the  initial  ca¬ 
pacity  of  the  electrode  material.  With  this  goal,  TiSnSb  has  been 
developed  as  a  negative  electrode  material  for  Li-ion  batteries  as 
this  conversion  material  can  reversibly  take  up  6.5  lithium  per 
formula  unit  leading  to  a  theoretical  capacity  of  580  mAh  g'1  with 
noteworthy  high  rate  capabilities  [16,17].  In  the  following,  the  1  C 
rate  will  be  defined  by  the  insertion  of  1  Li  in  1  h.  The  conversion 
reaction  may  be  summarized  by  Eq.  (2): 

TiSnSb  +  6.5Li— >Ti  +  Li3Sb  +  0.5Li7Sn2  (2) 

It  is  generally  admitted  that  the  capacity  retention  and  storage 
life  of  Li-ion  batteries  directly  depend  on  the  formation  of  a 
passivation  film  at  its  surface  which  is  usually  known  as  a  solid 
electrolyte  interphase  (SEI)  [18-22  .  The  SEI  layer  originates  from 
the  reductive  decomposition  of  the  electrolyte  at  the  electrode 
surface.  The  role  of  the  SEI  is  to  build  up  a  protective  film  that  not 
only  supports  Li+  ions  migration  during  cycling,  but  also  prevents 
side  reactions  such  as  solvent  co-intercalation  as  in  graphite  and 
further  decomposition  of  electrolyte  components  [23  .  Since  the 
formation  of  SEI  layer  plays  a  crucial  role  in  the  cycling  ability  of  the 


electrode,  it  is  very  important  to  understand  the  mechanism  which 
leads  to  its  formation  as  well  as  the  composition  of  this  layer.  The 
most  convenient  way  to  improve  the  quality  of  the  SEI  layer  is  to 
use  SEI  forming  additives  such  as  vinyl  carbonate  (VC).  Using 
LiCo02/graphite  batteries,  it  has  been  demonstrated  [24]  that  the 
radical  polymer  poly(VC)  is  the  main  VC-derived  product  contrib¬ 
uting  to  the  formation  of  the  surface  film.  VC  has  also  been  applied 
to  improve  the  cycle  life  of  other  systems  such  as  Si  thin  films 
[25-27],  Si-based  composite  electrodes  [28  ,  and  Si-nanowire 
(SiNW)  electrodes  [29].  Besides  VC,  FEC  has  also  been  proposed 
as  a  SEI  improver,  as  it  reduces  before  EC  and  others  alkylcar- 
bonates  and  contributes  to  form  a  more  stable  SEI.  Long  chain 
flexible  polycarbonates  could  be  the  major  surface  film  component 
in  FEC  and  VC-containing  electrolyte  solutions  [29].  This  polymeric 
surface  film  may  explain  the  ability  of  the  electrode  to  accommo¬ 
date  large  volume  expansions  as  it  is  the  case  for  Si.  This  SEI  film  is 
also  able  to  limit  the  contact  between  the  electrode  material  and 
the  liquid  electrolyte.  FEC  also  promotes  longer  cycle  life  in  the  case 
of  sodium  batteries  using  Sb  anode  [30]  and  hard  carbon  anode 
[31  .  The  addition  of  FEC  and  VC  favors  the  precipitation  of  more 
stable  degradation  products  limiting  further  EC  decomposition 
and  strongly  improving  the  electrochemical  performances  [28]. 
Recently,  VC  and  FEC-containing  electrolyte  has  also  been  reported 
to  significantly  enhance  the  cycling  ability  of  conversion  material 
like  TiSnSb  used  as  a  negative  electrode  in  Li-ion  batteries  [32]. 

In  this  study,  X-ray  photoelectron  spectroscopy  (XPS)  and 
electrochemical  impedance  spectroscopy  (EIS)  were  carried  out  to 


Fig.  2.  1st  Galvanostatic  discharge/charge  galvanostatic  curves  of  a  TiSnSb  electrode  cycled  at  4  C  rate  between  0.02  and  1.5  V,  a)  without  FEC,  b)  with  FEC. 
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Fig.  3.  Galvanostatic  curve  of  a  TiSnSb  electrode  cycled  at  4  C  rate  between  0.02  and  1.5  V  in  the  standard  electrolyte  at  the  20th  discharge/charge  cycle:  a)  without  FEC,  b)  with  FEC. 
Capacities  curves  vs  cycle  number:  c)  without  FEC,  d)  with  FEC. 


carefully  investigate  the  physical  properties  and  chemical  compo¬ 
sition  of  the  SEI  layer  formed  at  the  TiSnSb  electrode  surface  in  the 
presence  or  not  of  SEI  forming  additives. 

2.  Experimental  section 

2.2.  Electrochemical  tests 

TiSnSb  electrodes  were  prepared  by  mixing  TiSnSb  micro¬ 
particles,  carbon  conductive  additives  (vapor  grown  carbon  fibers 
VGCF,  carbon  black  CB)  and  CMC-Na  binder  as  described  in  previous 
works  16,17,32  .  TiSnSb  electrodes  were  cycled  against  lithium 
using  the  EC/PC/3DMC  (1  M  LiPFe)  with  VC  (1%  wt)  as  the  standard 
electrolyte  to  which  FEC  (5%  wt)  was  added  as  SEI  forming 
improver.  Two-electrode  Swagelok  cells  were  assembled  in  a  glo- 
vebox  using  the  composite  electrode  as  positive  electrode,  micro- 
porous  Celgard  membrane  (Celgard  2400)  and  WHATMAN  glass- 
fiber  paper  filled  with  the  electrolyte  solution  as  separator,  and 
metallic  lithium  as  negative  electrode.  Cells  were  cycled  at  20  °C 
using  a  VMP  system  (Bio-Logic  S.A.)  in  galvanostatic  mode  from 
0.02  to  1.5  V  vs  Li+/Li  at  4  C  rate  (i.e.  4Li  in  1  h).  Cyclic  voltammetry 
was  conducted  at  a  scan  rate  of  25  pV  s-1  from  the  OCV  to  20  mV  vs 
Li+/Li  and  then  to  a  set  potential  of  1.6  V  vs  Li/Li+. 

Three  electrodes  Swagelok-type  cells,  with  lithium  foils  as 
counter  and  reference  electrodes  were  assembled  in  an  argon-filled 
glovebox  to  perform  electrochemical  impedance  spectroscopy 
(EIS)  measurement.  Whatman  paper  filters,  filled  with  the  elec¬ 
trolyte  solution,  were  used  as  separator.  EIS  data  were  obtained 
under  the  potentiostatic  mode  in  the  frequency  range  from  1  MHz 
to  2  mHz  with  an  amplitude  of  10  mV  by  using  a  multichannel 


galvanostat-potentiostat  (VMP-Bio-Logic  S.A.)  piloted  by  an  EC  Lab 
V10.32  interface.  Spectra  were  presented  according  to  Nyquist 
representation  EIS  were  recorded  at  the  OCV  after  assembling  the 
cell  and  then  under  cycling  at  1  C  or  4  C  rate  at  the  end  of  discharge 
(0.02  V)  of  each  cycle.  The  impedance  of  the  cell  was  measured  in 
the  potentiostatic  mode  (PEIS). 


Table  1 

XPS  quantification  data  recorded  at  the  end  of  the  1st  discharge  without  FEC  (Dl- 
4C),  at  the  end  of  the  1st  charge  without  FEC  (C1-4C),  at  the  end  of  the  1st  discharge 
with  FEC  (D1-4C-FEC),  and  at  the  end  of  the  1st  charge  with  FEC  (C1-4C-FEC). 


D1-4C 

C1-4C 

D1-4C-FEC 

C1-4C-FEC 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

C  Is 

285.0 

(7.7) 

285.0 

(10.1) 

285.0 

(16.6) 

285.0 

(19.9) 

286.6 

(0.9) 

286.6 

(4.2) 

286.4 

(3.7) 

286.4 

(13.8) 

289.0 

(1.0) 

289.0 

(2.3) 

289.2 

(2.1) 

288.9 

(4.8) 

290.2 

(13.4) 

290.2 

(11.5) 

290.6 

(4.0) 

290.5 

(3.9) 

O  Is 

528.6 

(1.5) 

— 

— 

529.3 

(1.8) 

529.5 

(2.0) 

— 

— 

531.7 

(46.8) 

— 

— 

531.8 

(17.7) 

532.0 

(47.2) 

— 

— 

532.1 

(33.5) 

— 

— 

— 

— 

— 

— 

533.1 

(5.7) 

533.0 

(11.0) 

Li  Is 

55.4 

(28.1) 

55.2 

(24.1) 

55.7 

(30.7) 

56.0 

(19.0) 

F  Is 

— 

— 

684.8 

(0.8) 

685.6 

(1.8) 

685.4 

(7.0) 

687.5 

(0.3) 

— 

— 

— 

— 

— 

— 

P  2p 

N.D. 

N.D. 

N.D. 

N.D. 

Sn  3d 

N.D. 

484.9 

(0.01) 

484.7 

(0.01) 

485.3 

(0.02) 

486.8 

(0.04) 

486.0 

(0.01) 

486.5 

(0.03) 

492.6 

(0.01) 

493.2 

(0.01) 

493.6 

(0.01) 

494.3 

(0.03) 

494.5 

(0.01) 

494.7 

(0.02) 

N.D.:  not  detected. 
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2.2.  XPS 

XPS  measurements  were  carried  out  with  a  Thermo  Scientific  K- 
Alpha  X-ray  photoelectron  spectrometer,  using  a  focused  mono- 
chromatized  AlKa  radiation  (hv  =  1486.6  eV).  The  XPS  spectrometer 
was  directly  connected  through  a  glove  box  under  argon  atmo¬ 
sphere,  in  order  to  avoid  moisture/air  exposure  of  the  samples.  For 
the  Ag  3d5/2  line  the  full  width  at  half-maximum  (FWHM)  was 
0.50  eV  under  the  recording  conditions.  The  X-ray  spot  size  was 
400  pm.  Peaks  were  recorded  with  constant  pass  energy  of  20  eV. 
The  pressure  in  the  analysis  chamber  was  less  than  2  x  10-7  Pa. 
Short  acquisition  time  spectra  were  recorded  at  the  beginning  and 
at  the  end  of  each  experiment  to  check  that  the  samples  did  not 
suffer  from  degradation  during  the  measurements.  The  binding 
energy  scale  was  calibrated  from  the  hydrocarbon  contamination 
using  the  C  Is  peak  at  285.0  eV.  Core  peaks  were  analyzed  using  a 
nonlinear  Shirley-type  background  [33].  The  peak  positions  and 
areas  were  optimized  by  a  weighted  least-squares  fitting  method 
using  70%  Gaussian,  30%  Lorentzian  line  shapes.  Quantification  was 
performed  on  the  basis  of  Scofield's  relative  sensitivity  factors.  [34] 
TiSnSb  electrodes  were  thoroughly  rinsed  with  pure  DMC  and  dried 
before  XPS  measurements,  it  is  assumed  that  there  was  no  trace  of 
LiPF6  salt  and  solvents  left  at  the  electrode  surface  during  these 
measurements.  For  each  electrode  sample,  several  XPS  analyses 
were  performed  at  different  positions  to  make  the  results  statisti¬ 
cally  reliable. 


2.3.  SEM 

The  morphology  and  the  texture  of  the  electrodes  were  exam¬ 
ined  by  a  scanning  electron  microscope  (JEOL  7600). 

3.  Electrochemical  properties  of  TiSnSb  electrode 

CV  was  performed  to  highlight  the  irreversible  processes 
occurring  during  the  first  reduction  before  the  conversion  reaction. 
Results  presented  in  Fig.  1  (the  inset  is  an  enlargement  of  the  SEI 
formation  region)  show  the  electrochemical  reactions  which  occur 
in  the  electrolyte  in  the  0.5-2  V  potential  range.  In  this  range,  three 
reduction  processes  are  identified.  The  small  peaks  at  0.78  V  and 
0.66  V  can  be  assigned  to  the  reduction  of  Sn,  Ti  and  Sb  oxides,  such 
as  Sn02,  TiC>2,  Sb203  or  Sb204,  at  the  electrode  surface  [17  .  These 
peaks  are  always  visible  even  when  the  electrolyte  formulation  is 
changed  (Fig.  la  and  b).  The  first  peak  located  at  1.15  V  (Fig.  la) 
could  be  assigned  to  the  irreversible  reduction  of  vinylene  car¬ 
bonate  (VC)  and  formation  of  alkylcarbonate  and  polycarbonate 
species  on  the  electrode  surface.  Further  reduction  of  cyclic  car¬ 
bonates,  EC  and  PC,  is  expected  to  occur  at  lower  potential,  below 
0.7  V  35  .  Fig.  lb  shows  the  first  CV  cycle  after  addition  of  FEC  to  the 
electrolyte.  From  the  inset  in  Fig.  lb  one  can  see  that  the  first 
reduction  peak  is  shifted  to  a  higher  potential.  This  means  that  a 
more  efficient  SEI  layer  is  expected  to  grow  since  it  is  formed  at  a 
higher  potential  than  without  FEC,  and  thus  preventing  further 


a) 


NaKL  L 

•A  23  23 


l  l 


-  il 
.1. 


VU 


i'll!  *! I 


-I _ I _ L. 


I  I 

V 


J _ I _ L 


500  498  496  494  492  490  488  486  484  482  480 
Sn3d  -  Binding  Energy  (eV) 


Sn3d  -  Binding  Energy  (eV) 


Sn3d  -  Binding  Energy  (eV)  Sn3d  -  Binding  Energy  (eV) 

Fig.  4.  XPS  Sn  3d  core  peak  spectra  recorded  at  a)  the  end  of  1st  discharge  without  FEC,  b)  the  end  of  1st  charge  without  FEC,  c)  the  end  of  1st  discharge  with  FEC,  d)  the  end  of  1st 
charge  with  FEC. 
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electrolyte  decomposition.  Furthermore,  the  conversion  peak, 
observed  at  0.125  V  is  thinner  and  more  intense  when  FEC  is  used. 
So  we  can  expect  from  theses  observations  that  the  conversion 
reaction  is  faster  when  FEC  is  used  as  an  additional  additive  to  the 
electrolyte. 

TiSnSb  electrode  undergoes  a  low  voltage  discharge  and  a  large 
irreversible  capacity  during  the  1st  cycle,  as  shown  in  Fig.  2. 

The  discharge  profile  indicates  the  global  shape  of  the  galva- 
nostatic  curves  are  the  same,  which  reveals  that  the  electro¬ 
chemical  processes  are  unmodified  by  the  additive:  a  rapid 
decrease  of  the  potential  down  to  a  plateau  at  0.5  V  and  then  to  a 
second  plateau  at  0.25  V.  The  lengths  of  these  plateaus  correspond 
respectively  to  the  lithiation  of  Sb  and  Sn.  In  Fig.  2a,  the  galvano- 
static  curves  indicate  that  the  reduction  of  the  standard  electrolyte 
solution  is  equivalent  to  the  insertion  of  6.9  Li  per  formula  unit, 
which  is  more  than  the  6.5Li  corresponding  to  L^Sh  and  LiySn2 
phases'  formation.  When  FEC  is  added  to  the  electrolyte,  5.5Li  per 
formula  unit  are  inserted  in  the  active  material  as  shown  in  Fig.  2b. 
During  the  reverse  scan,  5.1  Li  and  4.3 Li  per  formula  unit  can  be 
removed  from  the  active  material  respectively  in  the  absence  and 
the  presence  of  FEC.  As  a  conclusion,  the  addition  of  FEC  induces 
both  a  reduction  of  the  irreversible  capacity  (from  1.8Li  to  1.2Li)  and 
of  the  reversible  capacity  at  the  first  cycle  (5.1  Li  to  4.3 Li)  which 
correspond  to  26  and  22%  of  irreversibility  respectively.  As  FEC  is 
reduced  before  VC  and  others  electrolyte  components,  the  SEI 
composition  must  contain  more  reduction  products  coming  from 


FEC  than  VC  and  the  smaller  irreversible  capacity  indicates  that  FEC 
is  an  efficient  SEI  former  additive. 

Galvanostatic  curves  obtained  at  the  20th  cycle  exhibit  similar 
shape  to  that  at  the  first  cycle  as  shown  in  Fig.  3a  and  Fig.  3b. 
Measurements  of  the  capacity  retention  during  the  first  20  cycles  of 
TiSnSb  electrode  in  the  standard  electrolyte  (containing  VC)  with  or 
without  FEC  are  displayed  in  Fig.  3c  and  Fig.  3d.  The  irreversible 
capacity  becomes  negligible  for  both  electrolytes  after  five  cycles 
which  means  that  the  coulombic  efficiency  approaches  100%  dur¬ 
ing  the  following  cycles.  Nevertheless,  the  cell  using  the  FEC- 
containing  electrolyte  displays  better  cycling  performances  as  the 
specific  capacity  is  maintained  steady  at  450  mAh  g-1  from  the 
second  to  the  20th  cycle,  while  it  is  continuously  fading  down  to 
415  mAh  g-1  at  the  20th  cycle  in  the  absence  of  FEC.  This  is  another 
proof  that  FEC  helps  to  form  a  more  stable  SEI  layer  at  the  electrode 
surface. 

4.  Surface  analysis  results 

4.2.  XPS  results 
4.1.1.  1st  Cycle 

Table  1  displays  XPS  quantification  data  of  Is  peaks  for  C,  O,  Li,  F 
and  3d  core  peaks  for  Sn.  Although  titanium  and  antimony  are  re¬ 
oxidized  upon  charge,  XPS  analysis  at  electrode  surface  revealed 
that  these  two  species  are  not  observed  after  cycling.  Concerning 


Fig.  5.  XPS  C  Is  core  peak  spectra  recorded  at  a)  the  end  of  1st  discharge  without  FEC,  b)  the  end  of  1st  charge  without  FEC,  c)  the  end  of  1st  discharge  with  FEC,  d)  the  end  of  1st 
charge  with  FEC. 
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the  absence  of  Ti  species,  it  is  assumed  that  the  lithiated  Li7Sn2 
and  LisSb  phases,  formed  upon  Li  insertion  at  the  surface  of  the 
material  particle,  dissimulate  Ti  buried  in  the  bulk.  The  signal  of  Sn 
and  Sb  species  are  hence  more  easily  detected  than  the  non- 
electrochemically  active  Ti  within  the  analysis  depth  of  XPS.  This 
assumption  is  supported  by  the  detection  ofTi  species  inTi  2p  core 
peak  spectra  (not  given  here)  after  mechanical  removal  (blade- 
scratching)  of  the  top  layer  (<5  nm)  of  the  electrode  surface.  On  the 
other  hand,  Sb  3d  core  peak  spectra  share  the  same  range  of 
binding  energies  than  that  of  oxygen,  leading  to  an  overlap  of  Sb 
and  O  peaks.  From  a  quantitative  point  of  view,  the  amount  of  Sb 
species  at  the  surface  is  relatively  low  as  compared  with  that  of 
oxygen.  Therefore,  Ols  spectra  will  be  considered  containing  only 
O  species  in  the  following  discussion.  As  a  result,  Sn  species  are  the 
only  really  distinguishable  component  of  the  active  material. 

The  XPS  Sn  3d  core  peak  spectra  recorded  at  the  end  of  the  first 
discharge  and  first  charge  are  presented  in  Fig.  4.  Binding  energies 
of  484.7  eV  and  493.2  eV  are  assigned  to  metallic  tin  and  binding 
energies  of  486.0  eV  and  494.5  eV  are  assigned  to  tin  oxide.  The 
corresponding  quantification  data  are  presented  in  Table  1.  In 
addition,  the  auger  peak  of  sodium  is  also  observed  in  the  Sn  3d 
spectra  at  a  binding  energy  around  498  eV.  During  XPS  experi¬ 
ments,  it  is  common  to  observe  some  Auger  peaks,  the  nomenclature 
for  which  is  based  on  the  X-rays  nomenclature.  The  designation  of 
levels  to  the  K,  L,  M,  ...  shells  is  based  on  their  having  principal 


quantum  numbers  of  1,  2,  3,  ...  respectively.  Without  FEC,  there  is 
no  tin  species  detected  in  the  analysis  depth  of  XPS  at  the  end 
of  the  first  discharge.  In  the  case  of  a  charged  electrode,  Sn 
species  could  be  detected  (metallic  Sn  is  0.02%,  Sn  oxide  is  0.07%). 
On  the  other  hand,  with  the  addition  of  FEC,  a  small  amount  of  tin 
species  can  be  observed  both  at  the  discharged  and  the  charged 
state.  It  is  worth  noticing  that  the  quantitative  analysis  indicates 
that  the  amount  of  Sn  species  is  higher  at  the  charged  state  than 
at  the  discharged  state  in  both  cases  with  or  without  the  addition 
of  FEC. 

The  XPS  C  Is  (Fig.  5)  core  peak  spectra  provide  valuable  infor¬ 
mation  regarding  the  SEI  nature  when  jointly  analyzed  with  the  O 
Is  (Fig.  6)  and  Li  Is  core  peaks.  The  FIs  and  P  2p  core  peaks  are 
displayed  in  Table  1  with  the  corresponding  binding  energies. 

The  component  with  a  binding  energy  of  285.0  eV  is  assigned  to 
CHX  environment,  which  is  attributed  to  hydrocarbon  contamina¬ 
tion  (always  detected  at  the  extreme  surface)  and  to  carbon  atoms 
of  organic  species  bound  to  carbon  or  hydrogen  atoms  only.  The 
component  observed  at  286.5  eV  can  be  assigned  to  carbon  atoms 
bound  to  one  oxygen  atom  (C-O),  while  the  component  at  289.0  eV 
corresponds  to  carbon  atoms  bound  to  two  oxygen  atoms  (0= 
C-O).  The  component  observed  at  290.2  eV  is  the  characteristic  of 
carbon  bound  to  three  oxygen  atom,  which  is  typical  of  carbonate¬ 
like  species  (-CO3)  that  could  be  L^COs  or  lithium  alkyl  carbonates 
R0C02Li. 


Fig.  6.  XPS  Ols  core  peak  spectra  recorded  at  a)  the  end  of  1st  discharge  without  FEC,  b)  the  end  of  1st  charge  without  FEC,  c)  the  end  of  1st  discharge  with  FEC,  d)  the  end  of  1st 
charge  with  FEC. 
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Table  2 

XPS  quantification  data  recorded  at  the  end  of  the  20th  discharge  without  FEC  (D20- 
4C),  at  the  end  of  the  20th  charge  without  FEC  (C20-4C),  at  the  end  of  the  20th 
discharge  with  FEC  (D20-4C-FEC),  and  at  the  end  of  the  20th  charge  with  FEC  (C20- 
4C-FEC). 


D20-4C 

C20-4C 

D20-4C-FEC 

C20-4C-FEC 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

B.E. 

(eV) 

Atom 

(%) 

C  Is 

285.0 

(23.1) 

285.0 

(29.2) 

285.0 

(16.1) 

285.0 

(24.0) 

286.5 

(6.6) 

286.6 

(11.2) 

286.7 

(2.3) 

286.6 

(11.9) 

289.0 

(1.4) 

288.4 

(2.4) 

288.8 

(1.6) 

288.7 

(4.0) 

290.4 

(1-6) 

290.6 

(3.1) 

290.2 

(10.6) 

290.5 

(5.3) 

O  Is 

528.7 

(5.6) 

528.7 

(1.4) 

528.7 

(1.8) 

529.1 

(1.0) 

531.5 

(28.9) 

531.5 

(24.6) 

531.9 

(40.1) 

531.5 

(11.6) 

— 

— 

532.8 

(4.8) 

— 

— 

532.7 

(17.4) 

— 

— 

534.0 

(3.6) 

— 

— 

534.3 

(1.4) 

Li  Is 

55.4 

(30.9) 

55.8 

(17.7) 

55.5 

(26.9) 

56.0 

(18.0) 

F  Is 

685.4 

(1.2) 

684.9 

(1.3) 

685.0 

(0.5) 

685.5 

(3.9) 

687.6 

(0.3) 

687.1 

(0.9) 

686.9 

(0.1) 

687.9 

(0.3) 

P  2p 

133.5 

(0.3) 

134.0 

(0.5) 

N.D. 

133.8 

(0.7) 

136.9 

(0.1) 

136.6 

(0.1) 

— 

— 

Sn  3d 

N.D. 

N.D. 

N.D. 

484.9 

(0.01) 

486.8 

(0.02) 

492.7 

(0.01) 

494.2 

(0.01) 

N.D.:  not  detected. 


The  detailed  quantification  data  are  given  in  Table  1.  In  the 
presence  of  FEC,  the  amount  of  C03-like  carbon  decreases  from 
13.4%  to  4.0%  at  the  end  of  discharge,  and  from  11.5%  to  3.9%  at  the 
end  of  charge.  Charged  electrodes  exhibit  less  CO3  compounds  in 
both  cases  with  or  without  FEC.  The  amount  of  C-0  compounds 
increases  with  the  presence  of  FEC  from  0.9%  to  3.7%  at  the  dis¬ 
charged  state,  and  from  4.2%  to  13.8%  at  the  charged  state. 

Without  FEC,  the  Ols  core  peak  spectra  (Fig.  6)  at  the  end  of 
discharge  or  charge  present  a  broad  peak,  located  around  531.8  eV 
which  could  be  attributed  either  to  Li2C03  (532.2  eV)  and/or  LiOH 
(531.5  eV).  Note  that  the  small  intensity  component  detected  at  the 
end  of  discharge,  at  528.7  eV,  is  assigned  to  Li20.  With  FEC,  the 
broad  peak  (33.5%  of  all  the  detected  atoms)  observed  in  the  dis¬ 
charged  electrode  is  located  at  a  binding  energy  of  532.1  eV.  The 
amount  of  Li20  is  1.8%,  quite  similar  to  1.5%  in  the  electrode 
without  FEC.  On  the  other  hand,  in  the  charged  electrode,  Li2C03  is 
still  the  major  compound  around  17.7%,  although  much  lower  than 
that  of  the  electrodes  cycled  without  FEC.  Note  that  the  total 
amount  of  O  species  decreased  from  41.0%  to  30.8%  after  the  charge 
process.  The  amount  of  Li20  is  2.0%  compared  to  0%  in  the  elec¬ 
trode  cycled  without  FEC.  The  peak  located  at  533.0  eV  (5.7% 
and  11.0%  respectively  at  the  end  of  the  discharge  and  charge)  can 
be  assigned  to  a  CO  environment,  and  will  be  assigned  in  the 
following  discussion. 

The  Li  Is  core  peak  spectra  (55.2  eV)  present  the  Li2C03  and 
LiOH  components  when  the  TiSnSb  electrode  was  cycled  without 
FEC.  The  total  amounts  of  Li  species  are  28.1%  and  24.1%  for 


Fig.  7.  XPS  C  Is  core  peak  spectra  recorded  at  a)  the  end  of  20th  discharge  without  FEC,  b)  the  end  of  20th  charge  without  FEC,  c)  the  end  of  20th  discharge  with  FEC,  d)  the  end  of 
20th  charge  with  FEC. 
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discharged  and  charged  electrodes  respectively.  With  FEC,  the  Li  1  s 
core  peaks  are  located  at  binding  energies  of  55.7  eV  and  56.0  eV  for 
discharged  and  charged  electrodes.  The  total  amount  of  Li  species 
decreased  from  30.7%  in  the  discharged  electrode  to  19.0%  in  the 
charged  electrode. 

The  F  Is  core  peak  (Fable  1)  are  characterized  by  a  main 
component  at  685.0  eV,  which  could  be  assigned  to  LiF,  and  by  a 
very  weak  component  at  687.5  eV  attributed  to  LiPF6  (only 
observed  for  discharge  electrode  without  FEC).  In  the  presence 
of  FEC,  the  amount  of  LiF  increases  from  1.8%  (discharge  state)  to 
7.0%  at  the  end  of  charge.  In  general,  charged  electrodes  exhibit  a 
higher  amount  of  LiF  at  their  surface  in  both  cases  (i.e.  with  or 
without  FEC). 


4.2.2.  20th  Cycle 

Table  2  displays  XPS  quantification  data  of  C  Is,  O  Is,  Li  Is,  F  Is 
and  Sn  3d  core  peaks.  As  for  the  first  cycle,  the  elements  present  in 
the  active  material  are  difficult  to  observe.  Only  Sn  species  (metallic 
Sn  of  0.02%,  Sn  oxide  of  0.03%)  are  observed  at  the  charged  state  and 
in  the  presence  of  FEC. 

The  XPS  C  Is  core  peak  spectra  recorded  after  the  20th 
discharge/charge  is  presented  in  Fig.  7.  As  in  the  1st  cycle,  the 
components  with  binding  energies  of  285.0  eV,  286.5  eV,  289.0  eV, 
and  290.2  eV  are  attributed  to  CHX,  C-O,  0=C-0,  and  -CO3  spe¬ 
cies,  respectively. 


With  the  presence  of  FEC,  the  amount  of  -CO3  increases  from 
1.6%  to  10.6%  at  the  end  of  discharge,  from  3.1%  to  5.3%  at  the  end  of 
charge  according  to  the  quantification  data  given  in  Table  2. 

Without  FEC,  at  the  end  of  the  discharge,  the  broad  peak 
observed  in  the  XPS  O  Is  core  peak  spectra  (Fig.  8)  located  at 
531.5  eV  could  be  mainly  attributed  to  LiOH  as  the  major  compo¬ 
nent.  The  peak  located  at  low  binding  energy  (528.7  eV)  is  assigned 
to  Li20  (5.6%).  In  the  charged  electrode,  the  Ols  peak  is  composed 
of  multiple  components  located  at  528.7,  531.5,  532.8  and  534.0  eV 
attributed  respectively  to  Li20,  LiOH,  C-0  and  POFx  environments. 

With  FEC,  in  the  discharged  electrode,  the  broad  peak  located  at 
531.9  eV  represents  Li2C03  as  the  major  component  (40.1%).  This 
result  is  in  agreement  with  the  corresponding  C  Is  spectrum, 
where  CO3  is  10.6%  with  FEC  (and  1.6%  without  FEC).  The  amount 
of  Li20  is  1.8%,  lower  than  that  of  5.6%  in  the  electrode  cycled 
without  FEC. 

In  the  charged  electrode,  the  broad  peak  is  composed  of  mul¬ 
tiple  components:  LiOH  (11.6%),  CO  environment  (532.7, 17.4%)  and 
probably  POFx  (534.3  eV,  1.4%).  The  amount  of  Li20  (529.1  eV)  is  1.0% 
compared  to  1.4%  in  the  electrode  without  FEC.  The  total  amount  of 
O  species  decreases  from  41.9%  to  31.4%  after  charge  process  as 
already  observed  during  1st  cycle  with  presence  of  FEC  (from  41.0% 
to  30.8%). 

A  small  amount  of  LiF  (FIs:  685  eV)  is  detected.  In  the  presence 
of  FEC,  it  increases  from  0.5%  to  3.9%  between  discharged  and 
charged  states.  Note  also  that  a  few  amount  of  LiPF6  salt  is  observed 


Fig.  8.  XPS  Ols  core  peak  spectra  recorded  at  a)  the  end  of  20th  discharge  without  FEC,  b)  the  end  of  20th  charge  without  FEC,  c)  the  end  of  20th  discharge  with  FEC,  d)  the  end  of 
20th  charge  with  FEC. 
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for  all  electrodes  analyzed  at  the  20th  cycle.  In  general,  charged 
electrodes  bear  a  higher  total  amount  of  F  species  with  or  without  FEC. 

4.2.  EIS  results 

In  order  to  evaluate  the  effect  of  FEC,  comparisons  based  on 
different  element  in  EIS  spectra  during  the  1st  cycle  are  displayed  in 
Fig.  9.  In  Fig.  9a,  EIS  spectra  are  collected  at  the  end  of  1st  charge  at 
1.6  V,  where  in  the  HF  domain  (9867  Hz)  the  resistance  of  in¬ 
terfaces,  which  includes  SEI  layer,  is  lower  in  FEC-containing.  EIS 
spectra  recorded  at  0.5  V  are  presented  in  Fig.  9b,  where  the 
depressed  shape  of  the  semi-circle  indicates  the  contribution  from 
both  interface  resistance  and  charge  transfer,  and  at  lower  fre¬ 
quencies,  the  straight  line  at  45°  is  assigned  to  Warburg  element 
that  represents  Li  diffusion  through  the  TiSnSb  electrode.  It  is  worth 
to  notice  that  the  resistance  attributed  to  charge  transfer  in  the  MF 
domain  at  142  Hz  drastically  decreases  from  60  Q  to  20  Q  with  the 
addition  of  FEC  in  the  electrolyte.  Then  at  the  end  of  the  1st 
discharge  (0.02  V)  as  shown  in  Fig.  9c,  an  inductive  loop  in  the  LF 
range  is  clearly  observed  in  the  electrode  using  standard  electrolyte, 
while  with  the  addition  of  FEC  the  inductive  loop  almost  disappears. 
Furthermore,  the  interfaces  and  charge  transfer  resistances  de¬ 
creases.  In  addition,  the  inductive  loop  is  less  important  at  low 
cycling  rates  (C)  than  high  cycling  rates  (4  C)  as  indicated  by  the  EIS 
reported  in  Fig.  9d. 

4.3.  SEM  analysis 

The  surface  morphology  of  pristine  TiSnSb  electrode  is  pre¬ 
sented  in  Fig.  10.  SEM  images  illustrate  that  TiSnSb  micro-particles 


are  evenly  distributed  at  the  electrode  surface  (Fig.  10a)  and  in  the 
bulk  material  based  on  the  cross-section  view  (Fig.  10b).  Under  a 
higher  magnification,  in  agreement  with  the  high  porosity  of  the 
electrode  (60%)  displays  a  texture  that  is  favorable  to  material 
volume  change  during  lithiation  as  the  net  formed  by  VGCF  fibers 
where  the  TiSnSb  micro-particles  get  entangled  is  also  tightened 
by  the  CMC  binder  (Fig.  10c).  The  corresponding  backscattered 
electron  (BSE)  image  (Fig.  lOd)  indicates  that  the  TiSnSb  micro¬ 
particles  (bright  area)  and  carbon  fibers  (dark  area)  are  clearly 
distinguishable. 

The  surface  morphology  of  TiSnSb  electrode  cycled  after 
the  20th  discharge  is  presented  in  Fig.  11a,  where  carbon  fibers 
and  the  TiSnSb  micro-particles  are  clearly  covered  by  a  surface 
layer.  At  the  end  of  20th  charge  this  surface  layer  disappears 

(Fig.  lib). 

5.  Discussions 

5.2.  1st  Cycle 

Firstly,  the  discussion  will  be  focused  on  the  thickness  of  the  SEI 
layer  during  the  1st  cycle.  Without  the  addition  of  FEC,  no  tin 
species  is  detected  in  the  analysis  depth  of  XPS  (5  nm)  at  the  end  of 
discharge,  which  illustrates  that  SEI  layer  is  at  least  thicker  than 
5  nm.  However,  Sn  species  are  detectable  from  the  electrode  at  the 
charged  state,  around  0.1%.  Since  signals  of  Sn  are  given  by  the 
active  material  that  is  covered  by  SEI,  this  means  SEI  layer  is  thinner 
at  the  charged  state.  From  the  end  of  discharge  to  the  end  of  charge, 
XPS  analysis  suggests  that  the  SEI  layer  partially  dissolved  during 
the  charge  process. 


Fig.  9.  EIS  spectra  recorded  a)  at  the  end  of  the  1st  charge  at  1.6  V,  b)  at  0.5  V,  c)  at  the  end  of  the  1st  discharge  at  0.02  V,  d)  at  0.5  V  and  cycling  rates  of  4  C  and  C. 
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Fig.  10.  SEM  images  of  pristine  TiSnSb  electrode,  a)  top  view  in  the  scale  of  12.0  pm,  b)  cross-section  view  in  the  scale  of  17  pm,  c)  top  view  in  the  scale  of  1.20  pm,  d)  BSE  image 

of  Fig.  10c. 


With  the  addition  of  FEC,  the  Sn  3d  spectrum  of  the  discharged 
electrode  presents  a  small  amount  of  tin  species,  which  indicates 
that  the  SEI  thickness  is  close  to  the  analysis  depth.  As  Sn  species 
are  detectable  in  the  electrode  cycled  with  FEC,  we  may  conclude 
that  the  presence  of  FEC  results  in  a  thinner  SEI  layer  compared  to 
those  electrodes  cycled  with  the  standard  electrolyte  which  con¬ 
tains  only  VC  as  additive.  Conclusion  of  thinner  SEI  formed  in  FEC- 
containing  electrolyte  was  also  made  in  a  previous  work  on  SiNW 
electrodes  [29  .  Partial  dissolution  of  the  SEI  layer  during  the  charge 
process  occurs,  in  the  presence  or  not  of  FEC.  In  addition,  the 
presence  of  LiF  in  the  electrode  cycled  with  FEC  may  further  prove  a 
thinner  SEI  layer  as  well. 

EIS  results  demonstrates  that  when  FEC  is  added,  the  HF  and  MF 
semi-circle  decreases  in  size,  which  indicates  lower  interface  and 
charge  transfer  resistances.  This  correlates  well  with  the  presence 
of  a  thinner  SEI  layer  as  indicated  by  XPS  analysis. 

In  addition,  the  inductive  loop  recorded  in  the  EIS  spectra  is  not 
observed  in  the  HF  but  only  in  the  LF  range,  which  has  also  been 
reported  in  other  studies  [36,37  .  This  phenomenon  usually  exists 
under  the  conditions  of  rough  electrodes  or  electrosorption  of 
corrosion  process  [38,39]  fuel  cells  [40]  and  electrodeposition 
systems  [41  .  J.  Song  et  al.  [42]  suggest  that  this  inductive  loop 
corresponds  to  adsorption  of  lithium  ions  on  carbon  surface  during 
lithium  intercalation  into  carbon.  Thus  the  appearance  of  inductive 
loop  could  be  only  due  to  properties  of  SEI  layer  which  is  modified 
by  the  electrolyte  additives  or  the  cycling  rate  but  not  to  some 
artificial  effects.  Having  accepted  this  premise,  we  propose  that  the 
formation  of  an  inductive  loop  could  be  attributed  to  the  adsorption 
of  ions  in  a  porous,  thick  and  imperfect  SEI. 


Another  possible  mechanism  leading  to  such  an  inductive  loop 
could  be  a  current  flow  occurring  between  particles  having  different 
state  of  charge  [43  ,  illustrated  by  the  scheme  reported  in  Fig.  12. 
When  lithium  ions  are  inserted  into  TiSnSb  electrode  during  discharge, 
lithium  rich  and  lithium  deficient  regions  in  the  electrode  may  be 
isolated  by  the  SEI  film  (due  to  imbalanced  electronic  continuity).  In 
this  case  a  concentration  cell  is  built  between  a  fully  and  a  partially 
lithiated  antimony  or  tin  alloy  and  the  current  flows  within  this  con¬ 
centration  cell  is  opposite  to  the  direction  of  lithium  insertion.  Such 
situation  accomplishes  the  requirements  to  form  an  inductive  loop. 

As  inductive  loops  become  smaller  in  size  when  FEC  is  added, 
this  could  contribute  to  show  that  the  quality  of  the  SEI  is  improved 
by  the  FEC  additive,  and  indicate  a  more  homogeneous  SEI  layer  no 
matter  which  mechanism  leading  to  the  inductive  loop  is  operating. 
In  addition,  as  shown  in  Fig.  9d,  the  magnitude  of  the  inductive  loop 
depends  on  the  cycling  rate.  The  inductive  loop  is  larger  when  the 
electrode  is  cycled  at  a  relatively  high  regime  of  4  C,  and  it  almost 
disappears  when  the  cycling  rate  is  decreased  to  1  C.  This  is  in 
agreement  with  the  schematic  presentation  of  Fig.  12  where  high 
cycling  rates  could  then  promote  the  formation  of  alloys  with 
different  state  of  charge  (lithiation).  Indeed,  lithiation  is  more  favor¬ 
able  at  lower  cycling  rate  even  if  it  is  improved  by  the  addition  of  FEC. 

Secondly,  the  evolution  of  the  chemical  nature  of  the  SEI  layer 
will  be  discussed.  Without  FEC,  the  presence  of  Li2C03  in  C  Is  core 
peak  spectra  results  in  a  peak  at  290.2  eV  corresponding  to  -CO3 
species,  while  ROCC^Li  species  presents  two  peaks  of  equal  in¬ 
tensity  at  290.2  eV  and  286.5  eV  due  to  the  same  number  of  carbon 
atoms  present  in  CO  and  CO3  environment.  Since  the  C  Is  core  peak 
spectra  displayed  in  Fig.  3  does  not  support  the  presence  of 
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Fig.  11.  SEM  images  on  the  same  scale  of  TiSnSb  electrodes  cycled  with  FEC,  a)  at  the  end  of  20th  discharge,  b)  at  the  end  of  20th  charge. 


R0C02Li,  Li2C03  could  be  considered  as  the  major  component 
among  these  two  species.  Moreover,  from  a  quantitative  point  of 
view,  the  relative  proportion  of  C  to  O  in  Li2C03  equals  to  1 :3  and 
the  excess  amount  of  the  species  in  the  corresponding  Ols  spectra 
may  indicate  the  formation  of  LiOH  (531.5  eV).  The  origin  of  LiOH 
can  be  assigned  to  water  contamination,  which  comes  from  CMC 
binder  present  in  the  electrode  formulation.  It  is  worth  noticing 
that  the  decomposition  of  LiOH  phase  into  L^O  and  H2O  under  the 
X-ray  beam  in  ultra-high  vacuum  has  often  been  observed.  There¬ 
fore,  Li2C03  is  the  major  component  accompany  with  LiOH  at  the 
extreme  surface  of  the  SEI  layer  in  the  absence  of  FEC. 

On  the  other  hand  with  the  presence  of  FEC,  the  increase  in  C-0 
and  the  decrease  in  C03  species  observed  in  the  C  Is  quantification 
data  indicate  that  there  may  be  a  composition  change  at  the 
extreme  surface  of  the  SEI  layer.  Especially  at  the  end  of  discharge, 
where  data  indicate  a  relative  proportion  for  these  two  components 
equal  to  3.7:4.0,  which  suggests  that  R0C02Li  instead  of  Li2C03  is 
now  the  major  carbonate  species.  In  the  corresponding  Ols  spec¬ 
trum,  the  broad  peak  observed  at  a  binding  energy  of  532.1  eV  can 
be  assigned  to  a  mixture  of  oxygen  atoms  presented  in  the  envi¬ 
ronment  of  Li2C03  (532.2  eV),  LiOH  and  also  the  C-0  (533.0  eV) 
which  can  be  also  assigned  to  ROCO2LL  At  the  charged  state,  in  spite 
of  R0C02Li  that  presents  C-0  environment,  the  excess  amount  of 
CO  species  given  in  the  quantification  data  of  C  Is  may  be  assigned 
to  other  degradation  products  like  ROLi  or  PEO  oligomers 
(-CH2-CH2-0-)n  [44  ,  for  which  carbon  atoms  are  in  a  one- 
oxygen  environment.  The  presence  of  LiF  (55.9  eV)  is  confirmed 


Fig.  12.  Schematic  presentation  of  the  mechanism  where  a  current  flow  occurs  be¬ 
tween  particles  having  different  state  of  charge. 


by  its  corresponding  quantification  data  presented  in  able  1  (1.8% 
for  discharged  electrode,  7.0%  for  charged  electrode),  and  in  the  Li 
Is  spectra  of  the  discharged  electrode,  the  broad  peak  is  also 
attributed  to:  Li3C03,  LiOH,  R0C02Li  and  LiF.  Therefore,  R0C02Li 
and  LiF  together  with  LiOH  are  the  major  components  in  the 
presence  of  FEC. 

Hence,  Li2C03  is  suggested  as  the  major  component  of  the  SEI 
layer  when  using  standard  electrolyte,  while  R0C02Li  and  LiF  are 
detected  when  using  FEC-containing  electrolyte.  This  result  reveals 
that  the  addition  of  FEC  modifies  the  chemical  composition  of  the 
very  near  surface  (~5  nm)  of  the  SEI  layer. 

5.2.  The  20th  cycle 

As  indicated  in  the  discussion  of  the  1st  cycle,  after  the  partial 
dissolution  during  charge  process,  there  is  0.1%  Sn  species  in  total 
observed  at  the  end  of  1st  charge.  However,  after  20  cycles  without 
the  addition  of  FEC,  none  of  the  Sn  3d  spectra  indicate  Sn  species  at 
their  extreme  surface,  which  demonstrates  that  SEI  layer  grows 
thicker  than  the  analysis  depth  of  XPS  (5  nm)  upon  cycling. 

With  the  addition  of  FEC,  Sn  species  are  present  at  20th 
discharge  and  this  amount  has  to  be  compared  to  the  0.04%  Sn 
species  detected  at  the  end  of  the  1st  discharge.  This  leads  to  the 
conclusion  that  we  made  for  the  electrodes  cycled  without  FEC:  SEI 
layer  grows  thicker  than  the  analysis  depth  of  XPS  upon  cycling. 
Nevertheless,  at  the  charged  state,  the  presence  of  Sn  species  im¬ 
plies  that  the  SEI  thickness  is  again  close  to  the  analysis  depth  after 
the  partial  dissolution  during  the  charge  process.  This  confirms  that 

Table  3 

Summary  of  the  XPS  quantification  data  in  Tables  1  and  2.  At  the  end  of  the  1st 
discharge  without  FEC  (Dl-4C)/with  FEC  (D1-4C-FEC),  at  the  end  of  the  1st  charge 
without  FEC  (Cl-4C)/with  FEC  (C1-4C-FEC),  at  the  end  of  the  20th  discharge  without 
FEC  (D20-4C)/with  FEC  (D20-4C-FEC),  and  at  the  end  of  the  20th  charge  without  FEC 
(C20-4C)/with  FEC  (C20-4C-FEC). 


C  Is 

O  Is 

Li  Is 

F  Is 

C03 

Li20 

Broad  peak 

Total 

LiF 

Atom  (%) 

Atom  (%) 

Atom  (%) 

Atom  (%) 

Atom  (%) 

D1-4C 

(13.4) 

(1.5) 

(47.2) 

(28.1) 

— 

C1-4C 

(1-6) 

(5.6) 

(28.9) 

(30.9) 

(1.2) 

D1-4C-FEC 

(4.0) 

(1.8) 

(33.5) 

(30.7) 

(1.8) 

C1-4C-FEC 

(3.9) 

(2.0) 

(17.7) 

(19.0) 

(7.0) 

D20-4C 

(1.6) 

(5.6) 

(28.9) 

(30.9) 

(1.2) 

C20-4C 

(3.1) 

(1.4) 

(24.6) 

(17.7) 

(1.3) 

D20-4C-FEC 

(10.6) 

(1.8) 

(40.1) 

(26.9) 

(0.5) 

C20-4C-FEC 

(5.3) 

(1.0) 

(17.4) 

(18.0) 

(3.9) 
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Fig.  13.  Schematic  diagram  of  the  SEI  layer  formed  at  a)  the  end  of  1st  discharge  without  FEC,  b)  the  end  of  1st  charge  without  FEC,  c)  the  end  of  1st  discharge  with  FEC,  d)  the  end  of 
1st  charge  with  FEC. 


the  addition  of  FEC  results  in  a  thinner  SEI  for  the  1st  cycle  as  well 
as  the  20th  cycle. 

Table  3  indicates  also  a  significant  decrease  of  C03  species  from 
the  1st  discharge  (13.4%)  to  the  20th  discharge  (1.6%)  when  FEC  is 
not  added.  Meanwhile  in  O  Is  spectra,  no  CO  environment  related 
to  R0C02Li  but  instead  a  broad  peak  (28.9%)  is  observed  at  a 
binding  energy  of  531.5  eV,  which  can  be  mainly  assigned  to  LiOH. 
Thus,  at  the  end  of  the  20th  discharge,  the  major  component  at  the 
outermost  surface  of  the  SEI  layer  is  no  longer  -C03  species  but 
LiOH,  which  could  still  be  attributed  to  the  water  contained  in  the 
CMC  binder.  As  LiOH  undergoes  a  transformation  to  L^O  when  it  is 
exposed  to  X-ray  beam,  this  may  also  explain  a  rather  high  amount 
of  L^O  (5.6%)  detected  in  the  Ols  spectra.  At  the  charged  state, 


although  the  amount  of  C03  species  in  C  Is  spectrum  is  a  little 
higher  (3.1%)  than  that  of  the  discharged  state,  the  broad  peak  in 
the  corresponding  Ols  spectrum  again  indicates  the  mixture  of 
Li2C03  and  LiOH,  where  LiOH  is  still  the  major  component.  As  a 
result,  LiOH  together  with  Li2C03  are  the  main  species  present  at 
the  surface  of  the  electrode  when  using  electrolyte  without  FEC. 

On  the  other  hand,  in  the  presence  of  FEC,  the  amount  of  C03  in 
C  Is  increases  from  the  1st  discharge  (4.0%)  to  the  20th  discharge 
(10.6%).  The  broad  peak  (40.1%)  in  O  Is  spectrum  gives  no  evidence 
of  CO  environment  associated  to  R0C02Li  but  confirms  -C03  spe¬ 
cies,  which  makes  Li2C03  the  major  carbonate-related  species  at  the 
surface.  In  addition,  the  broad  peak  (26.9%)  found  at  55.6  eV  in  Li  Is 
spectra  implies  a  mixture  of  LiOH,  Li2C03  and  LiF  (-1.0%). 


R0C02Li  LiOH  LiF 


Fig.  14.  Schematic  diagram  of  the  SEI  layer  formed  at  a)  the  end  of  20th  discharge  without  FEC,  b)  the  end  of  20th  charge  without  FEC,  c)  the  end  of  20th  discharge  with  FEC,  d)  the 
end  of  20th  charge  with  FEC. 
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At  the  charged  state,  the  -CO3  species  detected  in  the  C  Is 
spectrum  together  with  the  peak  observed  at  532.7  eV  in  O  Is 
spectrum,  which  can  be  assigned  to  CO  environment  in  R0C02Li, 
suggesting  the  presence  of  R0C02Li  instead  of  Li2C03.  In  addition, 
the  existence  of  LiOH  is  confirmed  by  the  detection  of  the  531.5  eV 
peak  in  O  Is  spectrum.  Furthermore,  the  quantification  data  of  F  Is 
implies  that  LiF  (3.9%  in  F  Is)  could  be  considered  as  a  major 
component  at  the  surface.  Thus,  R0C02Li  and  LiF  accompanied  with 
LiOH  are  suggested  as  the  major  components  at  the  surface  of  the 
charged  electrode  with  the  addition  of  FEC. 

There  are  a  few  more  details  to  be  noticed  about  LiF.  The  amount 
of  LiF  detected  in  the  charged  electrodes  which  is  always  higher 
than  that  of  the  discharged  electrodes  may  support  the  hypothesis 
of  a  partial  dissolution  of  SEI  layer  during  the  charge  process,  as 
degradation  product  from  this  salt  should  be  the  first  layer 
deposited  at  the  electrode  surface.  Moreover,  the  decreased 
amount  of  LiF  after  20  cycles  compared  to  that  of  the  1st  cycle 
supports  the  idea  that  a  growth  of  the  SEI  layer  occurs  upon  cycling 
as  already  concluded  from  the  discussion  of  Sn  3d  spectra. 

Impedance  spectra  exhibiting  smaller  capacitive  semi-circles 
indicate  that  the  SEI  layer  and  that  the  charge  transfer  have  a 
lower  resistance  meaning  that  a  thinner  or/and  more  conductive 
SEI  layer  is  formed.  The  presence  of  Sn  species  in  the  XPS  spectra 
indicate  that  the  thickness  reduction  of  the  SEI  is,  at  least  partially 
due  to  the  dissolution  process  which  occurs  when  FEC  is  added. 
Moreover  SEM  images  show  that,  in  the  presence  of  FEC,  a  homo¬ 
geneous  SEI  layer  (composed  mainly  L^CC^)  is  observed  at  the  20th 
cycle  which  helps  to  explain  the  differences  in  nature  of  its  outer¬ 
most  surface  (Fig.  11).  Figs.  13  and  14  summarize  the  main  com¬ 
ponents  present  in  the  SEI  as  a  function  of  the  cycle  number,  the 
state  of  charge  and  the  nature  of  the  additives  in  the  electrolyte. 
Components  in  the  region  deeper  than  5  nm  are  not  indicated  in 
Figs.  13  and  14  due  to  experimental  limitations.  As  a  conclusion, 
using  FEC  as  an  electrolyte  additive,  which  is  able  to  enhance 
TiSnSb  electrochemical  properties,  implies  also  significant  modifi¬ 
cations  of  the  SEI  layer  composition  and  some  of  its  components 
such  as  ROCC^Li  and  LiF  may  play  an  important  role  for  that. 

6.  Conclusion 

As  suggested  in  previous  works  on  Si-based  electrodes,  VC  and 
FEC-containing  electrolyte  reduced  the  cumulative  capacity  losses 
as  they  favor  the  precipitation  of  more  stable  degradation  products 
from  the  electrolyte  and  limit  its  further  decomposition.  XPS  study 
confirmed  that  partial  dissolution  of  SEI  layer  happens  during  cycling 
and  that  change  in  composition  of  its  extreme  surface  occurs  within 
the  presence  of  FEC.  Li2C03,  ROCC^Li  and  LiF  SEI  components  may 
play  an  important  role  in  the  improvement  of  the  cycling  ability  of 
the  TiSnSb  material.  From  EIS  study,  lower  interfacial  resistance  and 
smaller  inductive  loops  support  the  formation  of  a  thinner  and  more 
conductive  SEI  layer  which  is  also  in  accord  with  XPS  analysis.  EIS  and 
XPS  results  are  able  to  explain  the  enhanced  electrochemical  prop¬ 
erties  of  TiSnSb  electrode  when  FEC  is  added  together  with  VC  as 
additives  in  alkylcarbonate  based  electrolytes. 
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